was generally Ͻ10% in subsurface horizons, while in the contaminated Generally, under natural conditions, only a small fracsurface horizons these fractions made up 50% of the total metal tion of trace metals is present in plant-available form contents. Soil properties contributed more to the relative distribution (Kabata-Pendias and Pendias, 1992) . However, in some of the metal fractions in the studied profiles than did the distance and natural soils developed from metal-rich parent materidirection to the source of pollution. The amounts of metal extracted by als, as well as in contaminated soils, up to 30 to 60% 0.01 M CaCl 2 accounted for only a small part of the same metals of heavy metals can occur in easily labile forms (Kuo extracted by NH 4 OAc. The mobility indexes of metals correlated et al., 1983; He and Singh, 1993; Singh et al., 1995;  positively and significantly with the total content of metals and nega- Karczewska et al., 1998) .
tively with the clay content.
Several reagents (e.g., CaCl 2 , NH 4 OAc, NH 4 NO 3 , and EDTA) have been used to extract the "mobile" or "bioavailable" forms of heavy metals with single extraction T he distribution of heavy metals in soil profiles, inprocedures (He and Singh, 1995; Karczewska et al., herited from the parent material, is continuously 1998; Christensen and Huang, 1999; Narwal et al., 1999) . altered due to the natural turnover in the rock-soilSingle and sequential extractions provide information plant system. Knowledge of the total contents of heavy on potential mobility as well as bioavailability and plant metals present in soil horizons provides limited informauptake of trace elements (Iyengar et al., 1981 ; Shuman, tion about their potential behavior and bioavailability.
1990; Singh, 1997) . Studies on the speciation of heavy Heavy metals are associated with various soil compometals in polluted soils using sequential extraction technents in different ways, and these associations determine niques have increased in recent years, because these their mobility and availability (Kabata-Pendias and Pensimple techniques provide knowledge about metal affinity to the soil components and the strength with which complex of copper mining and metallurgy. The complex was tion gives information about both mobile and stabile established in 1959 and involves four mines, three ore-dressing fractions of metals in soil, which evaluates the actual and plants, and three smelters (Legnica, Glogow I, and Glogow potential mobility of metals. Numerous fractionation II) , and produces 400 000 tons of Cu yearly (Dobrzanski and techniques have been used for sequential extraction of Byrdziak, 1995 (Kim and Fergusson, 1991) . direction and distance to the smelters (Roszyk and Szerszen, Also, the traditional system of fraction classification 1988; Szerszen et al., 1993) . Profiles 1 and 3 represent heavily may lead to some confusion, suggesting an unrealistic contaminated soils, while 2 and 4 are relatively less polluted selectivity of the extractants used (Kim and Fergusson, (Fig. 1) . Profiles 1 and 2 were classified as a Hapludalf derived 1991). The separation of metal species, however, is actufrom silts. Profile 3 was classified as a Quartzipsamment deally defined on an operational basis, and as such separarived from sandy deposits on loam, and Profile 4 as an Eutrution has been widely used in various environmental studdept derived from clay-loamy material on sand. Profiles 1, 3, and 4 were located under poplar forest, while Profile 2 was ies (Kennedy et al., 1997; Ahumada et al., 1999;  on cultivated land. Soils were described according to the Soil Christensen and Huang, 1999; Narwal et al., 1999) .
Survey Staff (1998) . For all profiles, soil samples were collected
The soils surrounding metal mining and smelting sites from four different depths down to a maximum depth of 100 have been exposed to high contamination with trace to 120 cm. elements. Helmisaari et al. (1995) reported Cu concentrations in soils of up to 7600 mg kg Ϫ1 in the vicinity of Soil Properties a copper smelter in Finland. Within a zone of 1 km around copper smelters in southwestern Poland, Roszyk All soil samples were air-dried and ground to pass through a 2-mm sieve. Particle size distribution was determined by the and Szerszen (1988) found 250 to 10 000 mg kg Ϫ1 of Cu, hydrometer method for silt and clay, and by dry-sieving for 90 to 18 000 mg kg Ϫ1 of Pb, 0.3 to 10.9 mg kg Ϫ1 of Cd, sand fractions (Reeuwijk, 1995) . Soil pH was measured in a and 55 to 4000 mg kg Ϫ1 of Zn. Such abnormally high 1:2.5 (v/v) ratio of soil and water suspension (Reeuwijk, 1995) .
concentrations of trace metals in soil create concern for Organic carbon content was measured using a LECO (St.
the normal functioning of the ecosystem.
Joseph, MI) EC-12 carbon analyzer, after washing soil samples
The investigations on metal forms, particularly using with 2 M HCl. Total soil carbon was determined by LECO sequential extractions, mainly concern surface soil hori-CHN-1000 analyzer. The carbonate carbon was calculated as zons (Iyengar et al., 1981; He and Singh, 1995; Chlo- a difference between total and organic carbon. "Free" iron pecka et al., 1996; Ma and Rao, 1997; Ahumada et al., was analyzed by the citrate-bicarbonate-dithionite (CBD) 1999). Studies of contaminated areas, however, require method (Jackson et al., 1986) . Cation exchange capacity was that the whole soil profile, including subsurface horizons, be investigated. This study was therefore undertaken to (i) investigate the distribution and chemical fractions of copper, lead, and zinc in selected profiles differing widely in soil properties; (ii) assess the mobility of metals and the degree of contamination within soil profiles; and (iii) investigate the relationship between soil properties and the chemical fractions of the heavy metals. Soil profiles located near a large copper smelter in the southwestern Poland were chosen for this study.
MATERIALS AND METHODS

Description of the Study Area
The Glogow copper smelters, located about 100 km north- west of Wroclaw (southwest Poland), belong to an industrial determined as a sum of basic cations extracted with neutral the previous fraction. After each extraction, supernatant was separated by high-speed centrifugation for 30 min at 10 000 ϫ 1 M NH 4 OAc and the extractable acidity (Reeuwijk, 1995) . Calcium, magnesium, potassium, and sodium were determined g. To verify the sum of sequential extractions, the total concentration of Cu, Pb, and Zn was determined after digestion with by atomic absorption spectrophotometry or flame emission spectrometry, and soil acidity by back titration with 0.1 M aqua regia. In order to assess the mobile and potentially bioavailable NaOH.
fractions, a single extraction of heavy metals was carried out with 0.01 M CaCl 2 in a 1:10 (w/v) ratio of soil and extractant.
Trace Metal Fractionation
This extractant has been proposed to simulate soil solution The procedure of Salbu et al. (1998) , which is a modified concentration and to release amounts of metals that are well version of Tessier et al. (1979) , was selected for this study. It correlated with plant uptake (Iyengar et al., 1981 ; Karczewska is designed to separate heavy metals into six operationally et al., 1998). Two grams of soil were extracted with 20 mL of defined fractions: reversibly physically sorbed as (F1) water 0.01 M CaCl 2 by shaking for 2 h at 20ЊC. The rest of the proextractable (water-soluble metals); (F2) extractable with 1 M cedure was the same as described earlier for sequential extrac-NH 4 OAc at pH 7 (exchangeable); (F3) The most important difference in the profiles studied (Table 1) . Soil pH in all profiles was rather plate for 6 h. After evaporation, 1 mL of 2 M HNO 3 was added, and the residue after dissolution was diluted to 10 mL.
Total Concentration of Heavy Metals
All the solid phases (with exception of F6) were washed Total concentrations of heavy metals in the studied with 10 mL of water before the next extraction step. The washes were collected and analyzed with supernatant from profiles reflect both natural differences in soil genesis of polluted soils, the contribution of the residual fraction did not exceed 7% of the total Cu. However, the subsur- † Aqua regia-soluble.
face horizons of less contaminated soils were dominated by the stabile fraction strongly bound to soil components and properties and the degree of contamination (Table  (F6) . Up to 88 and 97% of total copper in the silty 2). The total content of Cu in the surface horizons (Profiles 1 and 2) and the clay-loamy soils (Profile 4), ranged from 97 to 426 mg kg
Ϫ1
, while in the subsurface respectively, were present in this fraction. The sandy horizons Cu concentrations were much lower, ranging soil (Profile 3) was a special case, with a low percentage from 3.7 to 28.3 mg kg Ϫ1 . The concentration ratio (total of metals in the residual fraction both in the surface Cu in surface layer versus Cu in parent material) deand subsurface horizons. This is probably a result of the pends on the distance to the copper smelter and direclow clay content and negligible sorption by dominant tion of dominating wind. In the soils located ca. 6 km quartz grains. northeast of the factory and 2.5 km southeast, the ratios A special feature of the surface horizons of the conwere 7 and 8, respectively, while in the heavily polluted taminated soils was a particularly high amount of copper silty soil (1 km southeast) and sandy soil (2.5 km northextracted with 1 M NH 4 OAc (F2 and F3). Depending east) the ratios were as high as 45 and 115, respectively. on the pH of extraction used (pH 7.0 or 5.0), this fraction The corresponding ratios for Pb were 2 and 30, again includes Cu held by electrostatic adsorption (exchangedepending on distance to the smelter, direction, and soil able) and that specifically adsorbed (Christensen and texture. The concentrations of Cu and Pb found in these Huang, 1999). The metals found in these fractions may soils were significantly higher than typical values in agbecome available to plants upon solubilization. Up to ricultural soils (Kabata-Pendias and Pendias, 1992) but 62% of the total Cu in the surface horizons of the sandy they were distinctly lower than those previously resoil (Profile 3) and up to 45% in the silty soils (Profiles ported by Roszyk and Szerszen (1988) and Szerszen et 1 and 2) was present in these two fractions (F2 and F3). al. (1993) in the vicinity of copper smelter in Poland.
Such high percentages of exchangeable and specifically Although the content of Zn (8.2-92.3 mg kg Ϫ1 ) was in the typical range (Kabata-Pendias and Pendias, 1992), adsorbed Cu in contaminated soils in the vicinity of a copper smelter were also reported by Karczewska of the total Pb in contaminated horizons). The percentage of NH 4 OAc (pH 5.0) extractable Pb was in the (1996). The fraction extracted at pH 5.0 (F3) was twoto sixfold higher than that extracted at pH 7.0 (F2) in order: sandy Ͼ silty Ͼ clay-loam soils. The percentage of this fraction in the subsurface horizons of all soils, all soils. The relative contribution of the exchangeable copper fraction (F2) decreased significantly with depths both contaminated and less contaminated, was rather small (less than 3% of total Pb content). The exchangewithin each profile. Despite the high total content of copper in some soils (Ͼ400 mg kg Ϫ1 ), the water-soluble able and specifically adsorbed fractions (F2 ϩ F3) were fraction (F1) was negligible in most of the soils. This found to dominate only in the surface horizons of concan be considered a symptom of low lability of copper taminated soils (up to 60% of total Pb). In less-contamiin these profiles. nated soils (horizons), both fine-and coarse-textured, Less contaminated surface horizons as well as subsurexchangeable and specifically adsorbed Pb generally did face horizons of all soils contained significant amounts not exceed 10% of total Pb. These results are similar of hydroxylamine-extracted Cu (F4), generally 20 to to those of Karczewska (1996) , but the magnitude of 30% of the total Cu in the surface and subsurface horithe exchangeable and specifically adsorbed fraction in zons, respectively. This fraction contained relatively low the present study (60%) was higher than the values amounts of metals in the surface horizon of the contami-(25%) reported by Karczewska. On the other hand, in nated sandy soil (Profile 3) and in subsurface horizons soils polluted by lead smelters, Chlopecka et al. (1996) of Profile 4, which was enriched with iron oxides. Prefound only 6% of total Pb in the exchangeable fraction dominance of the exchangeable and specifically adand 13% in the fraction extracted by acid NH 4 OAc. sorbed copper fractions over the "reducible" fraction Ramos et al. (1994) reported nondetectable amounts of found in this study, as well as that of Karczewska (1996) , exchangeable Pb, but they found up to 45% of carbonseems to be a typical feature associated with the very ate-bound Pb in the surface horizons of unpolluted soils. high emissions of Cu from the smelters. The highest Despite the reported affinity of Pb to soil organic amount of organically complexed Cu was extracted from matter (Kabata-Pendias and Pendias, 1992) , the organithe contaminated sandy soil (140 mg kg Ϫ1 ), but the highcally bound fraction (F5) was one of the smallest (or est relative percentage of this element was found in the even negligible) in the surface horizons of all soils. The silty soil (Profile 2). With the exception of Profile 1, percentage of this fraction did not exceed 1, 3, and organically bound Cu was a dominant nonresidual single 8% of total Pb in the sandy, silty, and clay-loam soils, fraction in the surface horizons of both highly and less respectively. The dominant fraction of Pb in all soils contaminated soils. Absolute concentrations, as well as was that extracted with NH 2 OH · HCl (F4). The percentthe relative percentage of this fraction, decreased in ages of this fraction, 53, 34, and 23% of total Pb, were the subsurface horizons of all profiles due to decreased found in surface horizons of the silty, sandy, and clayorganic matter content. loamy soils, respectively. The surprisingly low percentage of organically complexed Pb, accompanied by a high Lead contribution of the "reducible" fraction, was found even in the surface horizons. The dominance of an oxideNo detectable amounts of water-soluble Pb were exoccluded fraction of Pb, both in contaminated and lesstracted from the less-contaminated soils (Fig. 3) , and contaminated soils, has been reported by other investieven in the contaminated soils this fraction contained gators (Ramos et al., 1994; Karczewska, 1996 ; Ahumada Ͻ0.5 mg kg Ϫ1 . However, the amounts of Pb extracted et al., 1999). In soils polluted by lead smelting, the mean by NH 4 OAc (pH 7.0) increased to about 8 and 14% of percentage of lead in the oxide-bound fraction was estithe total Pb in the less-contaminated and contaminated mated to be 57%, while organically complexed Pb acprofiles, respectively. The amount of Pb extracted by NH 4 OAc (pH 5.0) was considerably higher (up to 45% counted for only 14% of total Pb (Chlopecka et al., 1996). Like Cu, the dominant fraction of Pb in less-1985; Ramos et al., 1994; Karczewska, 1996 ; Narwal et contaminated soils of this study was the residual fraction al., 1999; Ahumada et al., 1999) . (84-88% of the total Pb), particularly in the subsurface On the basis of results obtained in this study, the horizons of the fine-textured soils.
relative significance of Cu, Pb, and Zn fractions in subsurface horizons of the fine-textured less-contaminated soils was in the order: residual ϾϾ Fe-Mn oxides ocZinc cluded Ͼ organically complexed Ͼ exchangeable and The water-soluble Zn was present in very small specifically adsorbed. The order of fractions in the subamounts (Ͻ1%) in most of the soils (Fig. 4) . Zinc exsurface sandy horizons was: residual Ͼ organically comtracted with NH 4 OAc (pH 7.0) in the subsurface horiplexed Ͼ Fe-Mn oxides occluded Ͼ exchangeable and zons was also low (0.2-1.5 mg kg Ϫ1 , equivalent to 0.3-specifically adsorbed. It is difficult if not impossible to 5.6% of total Zn). The concentration of exchangeable establish one scheme of fraction order in the surface Zn was significantly higher in surface horizons (4-19% horizons, universal for all metals and different soils. of total Zn) than in subsurface layers. The dominant There were, however, characteristic features of these fraction among the weakly bound fractions was that horizons: low percentages of metals in the residual fracextracted with NH 4 OAc at pH 5.0. This fraction action and predominance of the oxide-bound fraction in counted for 1.8 to 27% of total Zn in the surface horithe less contaminated soils, and dominance of the zons and 0.2 to 5.4% in the subsurface ones (Fig. 4) .
NH 4 OAc-extractable fraction in the highly contamiThe sum of weakly bound fractions of Zn (F1 ϩ F2 ϩ F3) nated soils. The organically complexed fraction domiwas highest in surface horizons of the strongly polluted nated only for Cu. sandy soils (45% of total Zn). The corresponding values of these fractions in the silty and clay-loam soils were
Mobility of Copper, Lead, and Zinc
18 to 26% and 2%, respectively. Subsurface horizons in Soil Profiles of all soils contained considerably lower amounts of
The mobility of metals in soil profiles may be assessed these Zn fractions (Ͻ8% of the total Zn).
on the basis of absolute and relative content of fractions In subsurface horizons of the studied soils, Zn was weakly bound to soil components. The relative index concentrated in the residual fraction (F6). The percentof metal mobility was calculated as a "mobility factor" age of residual Zn ranged between 45% in silty soils to (MF; Salbu et al., 1998; Narwal et al., 1999) on the basis 94% in the clay-loam soil. The nonresidual fractions of the following equation: prevailed only in the surface horizons, both in the contaminated and the less contaminated soils (65-91% of
ϫ 100 total Zn). Ma and Rao (1997) and Narwal et al. (1999) also found Zn to be strongly bound in the residual fraction (even up to 98% of its total content). Among the Since some metal forms (extracted in F3) are relanonresidual forms, the oxide-bound and to a lesser extively less mobile (more strongly bound to the soil components than those extracted in F1 and F2), the above tent organically complexed fractions occurred in the highest percentage. The percentage of NH 2 OH · HClmentioned index describes the potential mobility (Salbu et al., 1998) . The MF gave values not higher than 10% extractable Zn (F4) in surface horizons ranged from 13% in the clay-loam soil to 33% in the silty and sandy (for all metals) in subsurface horizons, which is a symptom of high stability of heavy metals in these horizons, soils. The contribution of this fraction decreased with the depth in all of the soil profiles. In agreement with even if surface layers contained high metal concentrations. Only the MF for Cu in subsurface horizons of these results, other investigators also reported the dominance of the Fe and Mn oxide-bound Zn (Shuman, the strongly contaminated sandy soil reached 20%. The indices of mobility were considerably higher (particu- § MF ϭ mobility factor: proportion of mobile (F1 ϩ F2 ϩ F3) to total larly for Cu) in the surface horizons of the soils located sum of fractions.
close to the smelters. The MF Cu increased to 46 and 61% in the silty and sandy soils, respectively. The correspondtion with this metal and a strong relation to soil proping indexes for Pb were 22 and 59% and for Zn 26 and erties. 46%. The high MF values have been interpreted as symptoms of relatively high lability and biological avail-CONCLUSIONS ability of heavy metals in soils (Karczewska, 1996; Ma and Rao, 1997; Ahumada et al., 1999; The heavy metal contamination was primarily re-1999).
stricted to surface horizons, but there was potential moThe results of a single extraction with 0.01 M CaCl 2 , bility of metals in the highly contaminated profiles. Disimitating a soil solution concentration, showed signifitributions of heavy metals among chemical fractions cantly higher amounts of labile metals than that released were generally dependent on the total content of metals with water (Table 3) , but the amounts were considerably and soil texture. The residual fraction dominated in lower than those extracted with NH 4 OAc, both at pH the less-contaminated surface and subsurface horizons. 7.0 and 5.0. Calcium chloride solution released only Common features of the surface horizons were low perabout 6, 4, and 16% of Cu, Pb, and Zn "mobile" fractions centage of the residual fraction and the dominance of (F1 ϩ F2 ϩ F3), respectively. The amounts of metals the oxide-bound fraction in less-contaminated soils and extracted with NH 4 OAc (at different pH) have been the NH 4 OAc-extractable fraction in the highly polreported to correlate with plant uptake (Iyengar et al., luted soils. 1981; Shuman, 1990; Ahumada et al., 1999) and are used
The mobile metal fractions increased to more than as indicators of potential bioavailability. Change in pH, 50% of the total metal contents in the surface horizons organic matter content, and redox status of the contamiof highly contaminated profiles, but the amounts of Cu, nated soils may alter bioavailability of the weakly bound Pb, and Zn extracted with 0.01 M CaCl 2 accounted for heavy metals (Iyengar et al., 1981; He and Singh, 1993;  only a small (Ͻ16%) part of that extracted with Karczewska et al., 1998; Narwal and Singh, 1998) .
NH 4 OAc. This confirms the rather low content of the The results of this study show that metal mobility, most labile forms of heavy metals in these soils. estimated on the basis of exchangeable fractions in sur-
The mobility indexes of Cu and Pb correlated strongly face horizons, does not determine the redistribution of and positively with their total content, indicating that heavy metals to deeper horizons. Kuo et al. (1983) and the anthropogenically added metals remained in rela- Szerszen et al. (1993) made similar conclusions, emphatively weakly bound forms. The relative mobility of metsizing the predominance of heavy metal accumulation als in the contaminated soils was increased by an inin surface horizons of the highly contaminated soils and crease in their total content and decreased by increasing the lack of their redistribution in the soil profile.
content of clay in the soil. The relationship between soil properties and the results of sequential extraction was investigated, but in the
